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ABSTRACT

Fiber lasers and fiber amplifiers have experienced considerable improvements in recent
years and demonstrated remarkable power scalability. However, due to high optical intensity in
the core, the performance of high power fiber lasers is limited by detrimental nonlinear processes,
such as four-wave mixing, self-phase modulation, stimulated Brillouin scattering, and stimulated
Raman scattering. To mitigate nonlinear effects, very large mode area (LMA) fibers, which exhibit
a mode field diameter larger than 30 μm have been developed. However, for larger core sizes the
discrimination capabilities of conventional fiber designs decrease, consequently, LMA fibers are
not strictly single mode which ultimately at high average powers results in sudden degradation of
the output beam of a fiber laser or amplifier, namely, modal instability (MI). To suppress higher
order modes (HOMs) in LMA fibers, various techniques have been proposed such as large pitch
fibers (LPFs), differential bend loss for HOMs, leakage channel fibers, mode filtering with tapers,
and chirally coupled cores.
This thesis is divided into two parts. In the first two chapters, I focus on simulation, design
and characterization of advanced high power fiber amplifiers. In the first chapter, I study the
numerical modeling of the MI in active LMA fibers. Using a high fidelity time dependent computer
model based on beam propagation method (BPM), taking laser gain and thermal effects into
account, I show that engineering pump scheme is a promising technique leading to an appreciable
threshold increase in a fiber amplifier. As an example I demonstrate that bi-directional pump
scheme increases the instabilities threshold by a factor of ~30% with respect to the forward pump
configuration.
iii

In the second chapter, I present a novel design of microstructured large pitch, LMA
asymmetric rod-type fiber to achieve higher MI threshold. By eliminating mirror symmetries in
the cladding of the LPF through six high refractive index germanium-doped silica inclusions, we
reduce the overlap of the LP1m-like modes with the core region, which leads to strong HOM
delocalization and enhanced preferential gain for the fundamental mode in active fibers.
The third and fourth chapters of this thesis are focused on all-fiber mode multiplexers for
communication applications. In the third chapter, I present an all-fiber mode selective photonic
lantern mode multiplexer designed for launching into few-mode multicore fibers (FM-MCFs).
This device is capable of selectively exciting LP01, LP11a and LP11b modes in a seven core
configuration resulting in 21 spatial channels, with less than 38 dB crosstalk and with insertion
loss below 0.4 dB. This device can be a critical component for the evolution of high capacity, highdensity space division multiplexing (SDM) transmission networks based on MCFs.
In the fourth chapter, I demonstrate for the first time, an all-fiber orbital angular momentum
(OAM) mode multiplexer to efficiently generate and simultaneously multiplex multiple OAM
modes within a broad spectral range of at least 550 nm. This innovative all-fiber passive design
provides simultaneous multiplexing of multiple orthogonal OAM modes in a single fiber device
with low loss and at low design complexity, therefore, it is of grand utility in variety of applications
in classical and modern optical studies.
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CHAPTER 1: HIGH POWER FIBER AMPLIFIERS
1.1 Introduction

Fiber lasers have demonstrated an impressive development in recent years due to their
remarkable power scalability. However, due to the high optical intensity in the core, the
performance of the high power fiber lasers is subject to several detrimental nonlinear processes
such as four-wave mixing (FWM), self-phase modulation (SPM), stimulated Brillouin scattering
(SBS) and stimulated Raman scattering (SRS). To mitigate nonlinear effects large mode area
(LMA) fibers that exhibit a mode field diameter (MFD) larger than 50 um have been developed.
However, in the other hand, large core sizes allow the propagation of higher order modes (HOMs),
which might potentially lead to degradation of the output beam quality. Recently, thermal modal
instability (MI) which is defined as the sudden fluctuations of the output beam of a fiber amplifier
while operating above a specific power threshold, has been reported as one of the most severe
limitations on the power scalability of LMA ytterbium-doped fiber amplifiers [1–3]. So far, several
theoretical and experimental investigations have been reported to understand the physics behind
the MI process [4–7].
The first underlying explanations were suggested by Jauregui et al. in 2011 assuming a
steady-state model of a fiber laser system under high power operation [8]. In this model the
interplay between thermal effects and modal interference was considered as the main cause of MI.
Further investigations emphasized a full dynamic model to describe the energy transfer between
the fundamental mode (FM) and HOMs [2].
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Initial investigations of this condition required a frequency offset between the two modes
and a steady-periodic treatment of the heat. Following this treatment semi-analytical approaches
describing the process of stimulated thermal Rayleigh scattering (STRS) as the cause of MI were
proposed by Hansen et al. [6,7,9] and Dong [10], separately. Despite of valuable outcomes of this
theory, semi-analytical approaches were not able to capture the spatial and temporal evolution of
laser gain. In addition, further investigations by Ward et al. [11] showed that even in the absence
of a frequency offset between incoming modes, a full time dependent treatment of the heat can
analyze much of the physics behind the MI together with indicating the proof of three regimes of
temporal dynamics observed in the experiments reported so far [12]. These observations also
revealed the MI threshold and its oscillation frequency are influenced by fiber and amplifier
parameters such as the core and cladding size, core numerical aperture (NA), wavelength, seed
power, quality of the mode excitation, the temporal and the spectral properties of signal and pump,
etc. [1].
In this chapter we demonstrate how the instabilities threshold is influenced by pump
distribution profile. To do so, we compare the impact of bi-directional pumping on the MI
threshold in high power fiber amplifiers to the co-pumped configuration. To accomplish this, we
apply beam propagation method (BPM) which considers: laser gain, thermal lensing and spatial
evolution of the signal field in the absence of frequency shifted modes.
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1.2 Mathematical Tools and Equations

The theoretical analysis of the temporal dynamics of MI in fiber amplifiers begins with
BPM which includes laser gain, thermal lensing and spatial evolution of the signal field all in the
absence of frequency shifted modes. Considering a scalar, paraxial BPM, the signal field is written
as a superposition of the FM and first HOM of the fiber [6,13]:
=
E ( x, y, z , t ) a1 ( z )ψ 1 ( x, y )e−i ( β1 z −ωt ) + a2 ( z )ψ 2 ( x, y )e−i ( β 2 z −ωt )

(1)

Here, a1,2 are the amplitudes of the FM and HOM, respectively, with normalized mode profiles
ψ1,2 and propagation constants β1,2. For an isotropic medium under weakly-guiding approximation,
the electric field obeys the scalar wave [14,15]:
∂E ( x, y, z , t )
i 2 i[k 2 ( x, y, z , t ) - β 2 ]
= {
∇⊥ +
+ g ( x, y, z , t )}E ( x, y, z , t )
∂z
2β
2β

(2)

Where, ∇t2 is the transverse Laplacian operator describing diffraction in the cladding medium,
k = ω n / c in

which n is the guiding index of the core including the thermo-optic contribution

n=ncore+dn/dT ∆T, where dn/dT is the thermo-optic coefficient and g defines the laser gain and
loss. It is worth mentioning that k contains only the real component of propagation vector for which
g defines the imaginary part:
g ( x, y, z ,=
t ) 1/ 2[-σ as + (σ as + σ es )nu ( x, y, z , t )]NYB -1/ 2α ( x, y )

(3)

In which nu is inversion profile defined by:

nu ( x, y, z , t ) =

p pσ ap / hv p Ap + I sσ as / hvs
p p (σ ap + σ ep ) / hv p Ap + I s (σ as + σ es ) / hvs + 1/ τ

3

(4)

Here, σ as and σ es are the signal absorption and emission cross sections, σ ap and σ ep are the pump
absorption and emission cross sections, NYB and α are doping concentration in the core and linear
absorption, respectively, pp is the pump power, Ap is the area of the pump cladding, vs and vp are
the signal and pump frequency, τ is the ion upper-state lifetime and Is is the signal intensity [13]:
I s = 1/ 2cε 0 n | E |2
2

2

2

2

= 1/ 2cε 0 n{ a1 ( z ) ψ 1 ( x, y ) + a2 ( z ) ψ 2 ( x, y ) } +

(5)

1/ 2cε 0 n{a1 ( z )a2 ( z ) *ψ 1 ( x, y )ψ 2 ( x, y )* e −i ( ∆β z −∆ωt ) + c.c}
~

= I 0 ( x, y , z ) + I ( x, y , z , t )

The first term of the signal intensity in Equation 5 is a slowly varying component, I0 and the second
~

term is the spatially and temporally oscillating component I .
The heat deposition rate due to the absorbed pump power and quantum defect is defined as:

( x, y, z , t ) NYB (
Q
=

v p − vs
vp

)[σ ap − (σ ap + σ ep )nu ( x, y, z , t )]

pp
Ap

+ α ( x, y ) I s ( x, y , z , t )

(6)

According to the heat profile, the 2D time dependent temperature in Cartesians coordinate is given
by Equation 7 in which we neglect the small amount of longitudinal heat flow with respect to its
large variations in the transversal direction:

ρC

∂T
∂ 2T ∂ 2T
= K( 2 + 2 ) + Q
∂t
∂x
∂y

(7)

Here, ρ is the density, C is the specific heat capacity, K is the thermal conductivity, T is the
temperature and Q is the heat source. Considering Dirichlet boundary condition at the real outer
boundary, we used an ADI method to solve Equation 7.
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To capture the physics of MI, the size of the propagation steps and time increments which
respectively depends on the modal beat length and thermal response of the medium should be
carefully adjusted. The signal field can then be propagated forward in z from an initial beam profile
using the fast Fourier split-operator approach:
exp(
Es ( x, y, z + dz ) =

∧
dz ∧
dz ∧
R ) exp(dz N ) exp( R ) Es ( x, y, z )
2
2

(8)

∧

∧

Where, R is the diffraction term defined in Equation 2 in Fourier space and N contains the second
and third terms of this including thermally induced index change and signal gain and loss.
There are two approaches to propagate the time dependent signal field using split step
operator. One is to integrate the temperature profile at each z location over the entire time period.
In this case the resulting temperature induced index variations then is used to propagate the signal
field one step in z. This process is then repeated until the end of the fiber. The second approach,
which we incorporated in our model, is to propagate the field along the full length of the fiber for
every time step. Here, the temperature profile and therefore the index profile are updated at each
t+∆t based on the heat generated at time t. The signal field at t+∆t is then propagated through the
updated refractive index profile along the full longitudinal direction.
Finally, to complete the dynamic model of MI, one should update the pump power using
the rate equations. The pump can thus propagate in z direction from its initial value pp (0):
2π
=
±
pp
dz
Ap

dp p

Rcore

∫

Nyb[σ ap − (σ ap + σ ep )nu ( x, y, z )]rdr

(9)

0
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In Equation 9 the positive and negative signs apply to backward and forward pumping,
respectively. In our model, we assume a uniform distribution of the pump (pp) across the pump
cladding.
Relaying on the mathematical equations described in the previous section, we build our
computational algorithm for each time sample in more detail. The main building blocks of the
current model can be summarized in the following steps:
For each time increment:
1. Calculate the normalized initial electric fields based on fiber parameters and fiber modes
(Equation 1).
2. Compute the excited state population using the rate equations (Equation 4).
3. Compute ∆T by solving the time dependent heat (Equation 7) at time increment ∆t, and
calculate ∆n due to thermo-optic effect.
4. Propagate the signal field one step in z by applying split step operator (Equation 8).
5. Propagate the pump field one step in z using the related rate equations (Equation 9).
These steps are carried out until the signal propagates the entire length of the fiber amplifier.
Therefore, for each time increment, integration of the signal filed along the fiber length is
performed until the final z step is reached and then the process is repeated alternatively with
stepping time by ∆t while incorporating the updated temperature and field profiles. Figure 1
diagrams the computational steps required to implement the dynamic MI simulation at each time
step. One essential assumption in this model is that during the beam propagation, the temperature
profile is considered to be stationary until the next time discretization is applied.
6

Figure 1. Computational steps required to simulate dynamic MI in high power fiber amplifiers.

1.3 Simulation Results and Discussion

The amplifier simulated in our model is a LMA cladding-pumped step-index Ytterbiumdoped fiber, cooled under Dirichlet boundary condition. As the first set of BPM simulations, we
modeled a 1.6 m amplifier over 80 ms time duration. The amplifier parameters which have been
widely considered in the previous studies [7,16] are listed in table 1

:
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Table 1. Amplifier Parameters
Parameters
Core diameter
Pump cladding diameter
Outer cladding diameter
Core refractive index
Numerical aperture
Fiber length
Signal wavelength
Pump wavelength
Signal LP01 power
Signal LP11 power
+3
Yb doping concentration
Signal emission cross-section
Signal absorption cross-section
Pump emission cross-section
Pump absorption cross-section
Upper state lifetime
Thermo-optic coefficient
Thermal conductivity
Heat capacity
Mass density
Time step size
z step size
x-y grid

Value
50 µm
250 µm
500 µm
1.45
0.03
1.6 m
1064 nm
977 nm
28.5 W
1.5 W
6 × 1025
3.58 × 10-25 [7]
6 × 10-27 [7]
1.87 × 10-24 [7]
1.53 × 10-24 [7]
850µs
1.29 × 10-5
1.38 W/(m-K)
703 J/kg-K
2200 Kg/m3
15 µs
100 µm
64

1.3.1 Forward Pumping

To investigate the power dependence of MI, we consider the pump powers of 760 W, 920
W and 1100 W corresponding to below, around and above MI threshold [1]. The total seed power
was 30 W from which 95% was in the FM and 5% in the x-polarized first HOM with no frequency
shift between modes. Figure 2(a) illustrates the temporal evolution of the optical powers at the
output end of the fiber amplifier within the core over 80 ms time duration. It is evident from the
results that during the first 10-20 ms of the amplifier operation, the power oscillates back and forth
between the FM and the first HOM related to the abrupt turn on of the pump power. Once the
8

amplifier approaches the quasi-equilibrium region, since the pump is not sufficiently high to onset
the energy transfer between the interfering modes, the signal power is largely in the FM. This
power regime is referred to the region one or below threshold. By increasing the pump power to
920 W the amplifier enters a transient region where the two interfering modes transfer energy more
significantly. Figure 2(b) is the corresponding result of this region. Further increase of the input
pump power leads to a very rapid transfer of energy between the interfering modes. In this region
the amplifier shows a “chaotic” behavior and there is no sign of stability or periodic oscillations.
Figure 2(c) displays the corresponding plots for a pump power of 1100 W.

Figure 2. Power evolution of the LP01 (Blue) and LP11 (Red) over 80 ms at the output end of the
fiber amplifier under forward pumping for pump power of (a) 760 W, (b) 920 W, and (c) 1100
W.

By convention, we defined the MI threshold to be the power level at which the ratio of the HOM
content to the total signal power is 5%. For the amplifier under test, the MI threshold was estimated
to be around 905W of the input pump power resulting in the maximum output power of 840W.
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1.3.2 Bi-directional Pumping

To investigate the behavior of fiber amplifier under bi-directional pumping, we assume the
same amplifier defined in the previous section but with the input pump power equally divided
between forward and backward pumps [17]. Here, we ignore the small variations of backward
pump at the seeded end of the fiber, thus consider it as a constant value at both boundaries.
To investigate the power dependence of MI behavior under bi-directional pump condition,
the total launched pump powers are chosen to be 905 W, 1200 W and 1500 W. The total seed
power is assumed again to be 30 W from which 95% is in the FM and 5% in the x-polarized first
HOM with no frequency shift between modes.
Figure 3 illustrates the temporal evolution of the optical powers within the core at the
output end of the fiber amplifier over 80 ms time duration. From Fig. 3 (a) it can be deduced that
the total power of 905 W which was estimated as the MI threshold in the case of forward pumping,
depicts a stable behavior for the case of bi-directional pumping.

Figure 3. Power evolution of the LP01 (Blue) and LP11 (Red) over 80 ms at the output end of the
fiber amplifier under bi-directional pumping for pump power of (a) 905 W, (b) 1200 W, and (c)
1500 W.
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More simulation results show the MI threshold for the case of bi-directional pumping is at
1170 W of total input pump power resulting in the maximum signal power of about 1025 W which
implies that the novel pump scheme improves the MI threshold by a factor of around 30% as
compared to the forward going pump while no additional adjustments to other amplifier parameters
are required. In addition, further investigations confirmed this power ratio (half forward- half
backward) leads to the maximum achievable MI threshold in the case of bi-directional pumped
amplifiers. Therefore, by engineering the pumping scheme a significant improvement in the MI
threshold in high power fiber amplifiers can be achieved.
We believe the saturation effects are in fact responsible for higher obtained instabilities
threshold in the case of bidirectional pumping. As mentioned earlier, as light is propagating along
the fiber, spatial-temporal temperature variations arising from quantum defect heating through the
thermo-optic effect induces a long period index grating. Due to the long thermal diffusion time in
silica (0.7 ms approximately for the current core radius), this thermally induced long period grating
is out of phase with the signal intensity pattern which therefore results in an efficient energy
transfer between interfering modes. However, in an efficient fiber amplifier transverse spatial holeburning that depletes the population inversion should be taken into account [18]. Considering this
fact, in a bi-directional pumped amplifier where the value of net pump power maintains an
efficiently moderate value almost along the entire length of the fiber, this effect is strong enough
to influence the depletion of inversion population along the propagation direction and thus it
changes the heat deposition profile along the fiber and gives rise to a weaker induced grating to
transfer energy between modes and consequently a higher MI threshold is achievable. Figure 4
represents the temperature induced index gratings at the central line of the core for both cases of
forward and bi-directional pump configurations at their thresholds after 40 ms, 60 ms, and 80 ms.
11

Figure 4. Temperature induced index gratings at the central line of the core for forward (F) and
bi-directional (Bi) pump schemes at their thresholds after 40 ms (bottom line), 60 ms (middle
line), and 80 ms (top line).

Looking at Fig. (4) (Close-up) reveals the maximum strength of the index change due to
temperature in the bi-directional case is almost 30% of the value in the forward pumping which
results in 30% increase of the MI threshold.

1.4 Summary

In summary, we have presented a dynamic model of MI in high power fiber amplifiers
based on BPM. The model combines 2-dimensional treatment of the quantum defect heat source
with time dependent temperature solver. The effect of bi-directional pumping on the MI under
high power amplifier conditions is investigated. The simulation results displayed ~30% increase
in MI threshold as compared to the same amplifier under forward pumping. Therefore, we showed
for the first time, that engineering pump scheme is a promising technique leading to an appreciable
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threshold increase in a fiber amplifier designed for high power applications. We believe the
temperature induced index grating due to heat deposition while taking saturation effects into
account, is responsible for this improvement.

13

CHAPTER 2: ASYMMETRIC LMA ROD-TYPE FIBER
2.1 Introduction

As discussed in the previous chapter, the performance of high power fiber lasers and fiber
amplifiers is limited by detrimental nonlinear processes. In addition, utilizing LMA fibers, to
mitigate nonlinear effects results in propagation of undesired HOMs, which could potentially lead
to performance deterioration of the laser and amplifier systems due to MI. To suppress HOMs in
LMA fibers, various novel structures have been proposed including large pitch fibers [19,20], rodtype fibers [21–23], leakage channel fibers [24,25], chirally-coupled-core fibers [26,27], and fibers
with resonant mode coupling of HOMs out of the core region [28,29], to mention a few.
Unfortunately, as the core size increases, the HOM discrimination capabilities in conventional
fiber designs decrease. Consequently, LMA fibers are generally not strictly single mode, which
ultimately can result in the onset of thermally induced MI at high average powers [1,30]. Typically,
LP1m-like HOMs have the highest detrimental impact on the onset of MI because these are the
most likely modes to be excited by a slight misalignment of the input beam [30,31]. Therefore,
fibers that strongly suppress LP1m-like HOMs modes are desirable to circumvent MI. In this regard,
fiber designs with pentagonal, square and heptagonal cladding microstructures have been
extensively analyzed [32]. In general, these designs achieve high modal gain discrimination (i.e.
the difference between the mode overlap factors of FM and the HOMs with the doped core region),
while maintaining low loss for the LP01 mode. In addition, it has recently been proposed that
reducing the cladding symmetry of LPFs enhances the delocalization of HOMs [31,33,34]. These
aperiodic LPFs, enable robust and efficient single mode operation in active fibers with mode field
diameters beyond 2000 µm2 [34].
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In this chapter, we present the design, fabrication and detailed characterization of a passive
LMA rod-type LPF with reduced cladding symmetry. The fiber incorporates six graded-index
germanium-doped silica inclusions within a hexagonal lattice of air-holes. The position of the high
refractive index filaments has been designed to eliminate mirror symmetries in order to reduce the
overlap of the LP1m-like modes with the core region. This waveguide structure improves HOM
discrimination thus allowing for robust single mode operation and strong confinement of the LP01
mode within the core. Numerical simulations are in good agreement with the obtained
experimental results. Moreover, S2 mode analysis a well-known technique for quantifying HOM
content in optical fibers, reveals highly effective HOM delocalization and efficient single mode
performance.

2.2 Fiber Fabrication

Figure 5 (a) illustrates the schematic of the reduced symmetry LMA-LPF, where white
circles correspond to air-holes of diameter D, red circles depict germanium-doped inclusions of
diameter d and with refractive index contrast Δn = 30×10-3, and Λ (pitch) is the distance between
adjacent cladding elements [35]. The germanium doped inclusions remove mirror symmetries
existent in a conventional hexagonal cladding LPF.
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Figure 5. (a) Schematic representation of the asymmetric LMA rod-type LPF- white circles
depict air-holes of diameter D, red circles depict germanium-doped rods with diameter d, and Λ
is the pitch. (b) SEM image of one of the fabricated LPFs (c) Calculated intensity profiles of the
fundamental LP01 and two HOMs with largest overlap with the core region at 1064 nm [35].

A fiber preform was fabricated using the stack-and-draw technique. The germanium-doped
rods were drawn from a conventional telecommunications graded index fiber (GIF) preform. The
stack was then drawn to fibers of 1000 μm (LPF-A) and 810 μm (LPF-B) outer diameter (OD) and
1.15 m in length. The measured normalized hole-diameters (D/Λ) were 0.395 and 0.355, for LPFA and LPF-B, respectively. Although in this case, the fabricated fibers are passive, our fibers
comprise an air-clad so that avoided crossings between core and cladding modes are taken into
account [36]. Figure 5(b) illustrates a scanning electron microscope (SEM) image of the fabricated
LPF-A. Numerical simulations demonstrating a highly confined FM in the core of the fiber (LPFA) at the wavelength of 1064 nm. The first two HOMs with the highest overlap with the core
region are depicted in Fig. 5(c). The geometrical parameters of the fabricated reduced symmetry
LPFs are summarized in Table 2.
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Table 2 . Parameters of the fabricated asymmetric rod-type LPFs

2.3 Results and Discussion

In order to study the modal properties of the fabricated LPFs, a 53/125 µm core/cladding
diameter GIF was used to butt-couple white light from a supercontinuum source to the fiber under
test. The output beam profiles were then recorded using a microscope objective (with 20x
magnification) and an infrared camera. Figure 6 shows the recorded near field output profiles after
propagation along 1.15 m of LPF-A using a 10 nm band-pass filter centered at 1064 nm. For
centered excitation, only the fundamental LP01-like mode was observed at 1064 nm as can be seen
from Fig. 6. This is despite that the excitation light was multimode and not mode matched to the
FM of the fiber under test. Moreover, the beam quality factor M2 at the wavelength 1064 nm was
measured to be 1.3.
To verify the robust single mode operation of the fibers under various launching conditions,
we misaligned the input beam by translating the GIF along the transverse direction from -30 μm
to +30 μm through 10 μm increments, attempting to excite HOMs. According to the measured
output intensity profiles shown in Fig. 6, no HOMs were excited even under rather strong
misalignment conditions. Here, it should be mentioned that LPF-B showed similar performance as
fiber LPF-A under various launching conditions. These results confirm the effective single mode
operation and strong HOM delocalization of our reduced symmetry LMA fibers.
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Figure 6. Near field intensity profiles measured at 1064 nm at the output of a 1.15 m long LPFA. A supercontinuum source was coupled under various launching conditions ranging from -30
μm to +30 μm attempting to excite any possible HOMs.

In order to study the guidance characteristics of LPF-A and LPF-B as a function of
wavelength, near field intensity profiles were recorded for centered excitation using 10 nm bandpass filters, as depicted in Fig. 7. Both LPF-A and LPF-B exhibit dominant single mode operation
over a broad spectral range of 850 nm to 1650 nm with the exception of particular wavelength
regions where the core mode couples to the germanium doped rods. The particular resonant
wavelengths for which the fibers do not provide efficient guidance, depend exclusively on the
parameters of the graded index resonators. As can be seen in Fig. 7, this region is around 1600 nm
for LPF-A and 1250 nm for LPF-B.

Figure 7. Guiding characteristics of the asymmetric rod LPF-A and LPF-B over a broad spectral
range of 850- 1650 nm
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To further validate the highly effective HOM delocalization and single mode behavior of
the fibers, S2 resolved imaging was applied [37]. The technique is based on a spatially resolved
measurement of the spectral interference between modes propagating simultaneously in the fiber
with different group velocities. Figure 8 shows the results of the S2 measurements for LPF-A at
1064 nm.

Figure 8. S2 measurement of LPF-A around 1064 nm. (a) FT amplitude of the transmitted light
vs GDD, (b) FM profile corresponding to the FT amplitude at GDD=0 ps/m, (c) LP02-like profile
as the sole HOM detected (corresponding to the peak in GDD indicated by red circle in the
close-up of the FT spectrum in (a ).

The Fourier transform (FT) signal at group delay difference (GDD) of 0 pm/s corresponds to the
autocorrelation signal of the FM guided in the core of the fiber. Therefore, plotting this signal as a
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function of (x, y) position yields the FM intensity distribution shown in Fig. 8 (b). Due to the
spatial distribution of its intensity, the second peak detected at GDD=0.1193 ps/m, marked as a
red circle in the inset of Fig. 8 (a), is attributed to a small content of a radially symmetric LP02-like
mode. From the amplitude of the FT, the amount of LP02-like mode excited in the fiber can be
quantified to be 0.28%. Any other features in the FT spectrum with even smaller FT amplitudes
do not correspond to any particular HOM guided in the asymmetric LPF, hence they are attributed
to the small amounts of excited cladding modes supported by the fiber.
Our results indicate that in similar active fibers based on the proposed asymmetric LPF
designs, LP11-like HOMs, which are the most disturbing modes in detrimental MI effects in high
power fiber amplifiers, can perhaps be very strongly suppressed compared to conventional
symmetric LMA fiber designs. Such strong HOM suppression confirms the potential of the
investigated asymmetric LMA fiber to significantly increase MI thresholds and enable higher
output powers of fiber lasers and amplifiers before the onset of beam quality distortions.

2.4 Summary

In summary, in this chapter we described the design, fabrication and characterization of
reduced symmetry passive LMA rod-type fibers with close to diffraction limited beam quality of
M2 = 1.3 and effective mode area of 2560 μm2 at 1064 nm. The fabricated fibers included six high
index germanium-doped silica elements inserted asymmetrically in the cladding lattice, in order to
suppress LP11-like HOMs guiding in the fiber core. No significant HOM content was observed,
even for strongly misaligned coupling of light relative to the fiber core center. The effective HOM
delocalization of the fiber has been shown across a broad spectral range from 850 nm up to 1650
20

nm for different core diameters. Further investigations using S2 imaging showed a negligible
amount of LP02 (0.28%) in the fiber, confirming the robustness of single mode operation and the
strong suppression of LP11-like modes. This LPF design with an asymmetric cladding structure is
a promising route to improve the threshold-like onset of MI in high power fiber lasers and
amplifiers.
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CHAPTER 3: PHOTONIC LANTERNS
3.1 Introduction

The exponentially increasing internet traffic in recent years is driving a rapid approach
towards the fundamental nonlinear Shannon capacity limit of single mode transmission
systems [38]. This has highlighted the demand for exploring a new physical dimension to achieve
ultrahigh spectral efficiency per fiber. Thus far, capacity scaling in single mode fibers (SMFs) has
been achieved by exploiting multiple degrees of freedom; including polarization, wavelength,
phase and amplitude modulation [39]. To deal with the rapid traffic growth in optical networks,
space division multiplexing (SDM), relying on the multiplicity of spatial channels, has emerged
as an additional physical dimension for dramatically boosting capacity of a single fiber [39].
Meanwhile, a key advantage of SDM over simply increasing the number of SMFs, is its inherent
device integration and resource sharing capability. This can potentially provide significant benefits
in terms of the cost per bit in future optical networks.
To date, single-core multimode fiber (MMF), few-mode fibers (FMFs) [40–44] and
multicore transmission fibers [45–47] have been extensively investigated. More recently, the
growing potential of multicore fibers to meet the requirements for high capacity data transmission
networks has been demonstrated. To scale up the available capacity in a single fiber, single-mode
multicore fibers (SM-MCFs) have been presented as a promising candidate to overcome the
limitation of the conventional transmission systems based on SMFs [39]. In order to more
efficiently address capacity scaling in a single optical fiber, few-mode multicore fibers (FMMCFs) with even higher multiplicity in spatial channels have emerged [48–52]. The design and
performance of a suitable mode multiplexer is crucial to launch light into these new class of fibers.
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Until now, a plethora of technologies have been investigated based on phase-plates, 3D
waveguides and multi-plane light conversion. However, these implementations have produced
devices that have large insertion losses due to inefficient coupling and alignment to the
transmission fibers or are bulky [53,54]. Considering future transponders, criteria such as low-loss
coupling, ease of fabrication and integration, point towards solutions based on all-fiber photonic
lantern. Photonic lantern mode multiplexers allow low-loss transformation of an array of single
mode to MMF modes [55–58]. Furthermore, photonic lanterns are desired for spatial-multiplexing
in order to minimize mode coupling, reduce the complexity of multiple input multiple output
(MIMO) digital signal processing, compensate differential mode group delay (DMGD) and mode
dependent loss, and for building various network components [59–62]. So far, single core all-fiber
photonic lanterns capable of exciting the first 3, 6, 10 and 15 spatial modes have been
demonstrated [42,63–67]. Although not yet addressed, low-loss spatial mode multiplexers are
required as FM-MCFs emerge.
In this chapter, we report a multicore, few-mode all-fiber photonic lantern spatial mode
multiplexer capable of selectively exciting 21 spatial channels of a single strand of multicore fiber.
This multiplexer efficiently couples into the individual LP01, LP11a and LP11b modes of a 7-core
FM-MCF whose cores are arranged in a hexagonal pattern. The device is broadband, exhibits
ultralow core-to-core crosstalk, low insertion loss and high mode purity across the full
telecommunications C-band. By exploiting a photonic lantern fabrication method based on a
capillary template, the number of modes, the number of cores and the core arrangement can be
customized. This new class of spatial multiplexers could be a critical component for the evolution
of high capacity, high-density SDM transmission networks based on MCFs.
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3.2 Fabrication Process

A photonic lantern consists of a collection of single mode waveguides that are interfaced
to a multimode waveguide through an adiabatic physical transition [55–57]. To fabricate a
photonic lantern, a bundle of SMFs is inserted into a low refractive index glass capillary tube
which is then fused and tapered down in a glass processing machine to form a MMF at the taper
waist. A compelling feature of photonic lantern based mode multiplexers is that their modeselectivity can be adjusted by judiciously selecting the set of SMFs. If for example, the SMFs are
identical, non-mode selective devices can be achieved where each fiber excites an orthogonal
combination of all output modes. On the other hand, if the input fibers are dissimilar, the photonic
lantern can be made mode-selective. In this latter case, light from each input fiber excites only one
spatial mode.
The fabrication of the 7-core, 3-mode-selective photonic lantern is based on the recently
reported microstructured template approach, as it allows the realization of complicated device
layouts and scaling up to large number of input fibers [62]. For this purpose, a capillary consisting
of 7 low-refractive index fluorine-doped tubes arranged in a hexagonal array was manufactured
using the stack-and-draw fiber fabrication method. These channels are used to insert 21 SMFs,
thus forming the seven cores at the photonic lantern end. The structured capillary allows to
correctly position the input fibers, simplifying the manufacturing process and improving
repeatability [68].
A cross section microscope image of the multicore capillary template with an OD of 2 mm
is presented in Fig. 9(a). In this figure, the dark layers surrounding each void are indicative of the
fluorine-doped silica with a refractive index contrast of −9×10−3 with respect to the undoped
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background glass. Silica rods of various diameters were used to fill air-gaps in order to prevent
deformations and core misalignment during tapering [68].

Figure 9. (a) Microscope image of the cross-sectional view of the capillary template consisting of
7 fluorine doped tubes in a hexagonal array with an OD of 2 mm. (b) Cross section image of a
fluorine-doped capillary with ID=175 μm, filled with 3 GIFs of two core sizes of 13 μm and 11
μm. (c) Illustration of the 3-mode 7-core MSPL multiplexer.

In order to achieve mode selectivity, three in-house fabricated GIFs with an OD of 125 μm
and two different core sizes of 13 μm and 11 μm, were inserted into each void with inner diameter
(ID) of 275 μm, as depicted in Fig. 9(b). By utilizing two dissimilar cores sizes, we were able to
selectively generate the LP01 (a 13 μm core fiber) and LP11a, b (two 11 μm core fibers) modes with
low crosstalk. All fibers had a maximum refractive index contrast of ~16x10-3 with respect to the
silica cladding. Moreover, GIFs were intentionally chosen to improve the taper adiabaticity by
providing a more gradual FM field variation compared to step index profiles [58,66]. The final
assemble, with 21 input fibers, was tapered down using a CO2 laser as the heat source. Figure 9(c)
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depicts the schematic of the few-mode multicore mode selective mode multiplexer. A 5 cm long
linear taper profile guaranteed an adiabatic transition [66]. The scaling factor was 1/16, thus
reducing the size of the individual single mode cores to <700 nm - assuring that light is not guided
in these residual cores at the lantern end-facet.
The device was then cleaved to yield an all-glass few-mode multicore waveguide that can
be directly spliced to a multicore transmission fiber. Figure 10(a) displays the cross section design
of the multicore multiplexer, where Λ is the core-to-core distance, a is the core diameter and d is
the cladding diameter. A microscope image of the end-facet of the fabricated device with OD =
125 μm, a = 16 μm, d = 22 μm and Λ = 33.5 μm, is shown in Fig. 10(b). A picture of the 21-mode
photonic lantern is presented in Fig. 10(c).

Figure 10. (a) Schematic cross section of the few-mode multicore photonic lantern (Λ: core-tocore distance, a: core diameter, d: cladding diameter). (b) Microscope image of the end-facet of
the fabricated device. (c) Device combining 21 input fibers with the FM-MCF.
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3.3 PL Characterization

The mode selectivity of the multiplexer was verified by launching light from a broadband
ASE (amplified spontaneous emission) source centered at 1550 nm into the 21 individual input
fibers. Figure 11(a), shows the near field mode profiles at the multicore end-facet recorded by an
infrared camera focusing the image via a 20x microscope objective. Additionally, Fig. 11(b)
illustrates sample intensity profiles for the LP01, LP11a and LP11b modes of the central core – i.e.
core # 7.

Figure 11. (a) Near filed intensity profiles of the excited modes in all 7 cores at 1550 nm. (b)
Sample intensity profiles of individual modes in core # 7.
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The measured near field patterns show that selective excitation of the three supported
modes is achieved with high mode-purity across all cores. The LP11a,

b

mode purities were

estimated from the ratio between the minimum and peak intensities of the two lobes [57,66]. Using
this method, our results indicate that the photonic lantern features mode purities in excess of 12
dB for all seven cores.
Meanwhile, the insertion loss was determined by comparing the output power to the input
power for each mode. The results of this measurement are presented in Fig. 12, where it can be
seen that the device exhibits insertion loss [62] below 0.4 dB across the telecommunication C band.
The LP01 modes have lower loss than the LP11 modes with a maximum differential mode loss of
0.15 dB between all cores and modes.

Figure 12. Measured insertion loss for LP01 and LP11a, b modes for each core.

In order to evaluate the mode dependent core-to-core crosstalk in the wavelength range of
1530 nm to 1565 nm, the LP01, LP11a and LP11b were independently excited into the central core
(core #7). Power coupled to the surrounding cores (cores #1-6) was collected by scanning a 17 µm
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core diameter FMF across the end-facet of the photonic lantern and analyzed using an optical
spectrum analyzer. Figures 13(a-c) depicts the measured crosstalk spectra for the LP01, LP11a, and
LP11b modes, respectively. The crosstalk stays below -38 dB for all cores and modes within the
full C-band. Subsequently, all cores were simultaneously excited with each set of modes. The clean
spatial intensity profiles presented in Fig. 13(d) confirm weak coupling between spatial channels,
which ensures all cores and modes are well isolated.

Figure 13. Mode dependent core-to-core crosstalk as a function of wavelength when launching
all (a) LP01, (b) LP11a and (c) LP11b modes into the central core. (d) Near field intensity profiles at
the output of the photonic lantern when all seven cores are simultaneously excited with LP01,
LP11a and LP11b modes. The white circles indicate the edge of the lantern.
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3.4 Summary

In this chapter we have demonstrated an all-fiber few-mode multicore photonic lantern
spatial mode multiplexer. Fabrication of the device was accomplished through a microstructured
capillary template approach that allows to overcome mode count scaling. The 7-core, 3-modeselective photonic lantern efficiently excites the LP01 and LP11a, b modes in a multicore fiber
configuration, thus addressing a total of 21 spatial channels. In this case, the seven cores are
positioned in a hexagonal arrangement, however different geometries are feasible by customizing
the capillary template. This device offers key benefits including low loss, ultra-low crosstalk,
broadband operation and scalability to larger number of cores and modes. Moreover, it can be
directly spliced to emerging few-mode multicore transmission fibers thus assuring photonic
integration and high reliability. We expect that multicore photonic lanterns will become critical
components for future ultrahigh bandwidth optical networks based on SDM.
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CHAPTER 4: ORBITAL ANGULAR MOMENTUM MODE
MULTIPLEXER
4.1 Introduction

Orbital angular momentum (OAM) beams, also known as optical vortices, are helically
phased beams characterized by a phase front of exp(𝑖𝑖𝑖𝑖𝑖𝑖), where 𝑙𝑙 is an unbounded integer,
referred to as topological charge number and 𝜙𝜙 is the azimuthal angle [69]. Vortex beams,

representing by Laguerre–Gaussian beams [69] and high order Bessel beams [70], form a complete
set of orthonormal solutions of the paraxial wave in cylindrical coordinates. Due to the intrinsic
spatial orthogonality of the OAM beams with different topological charge numbers, OAM states
provide unique potential to be multiplexed and carry individual data streams with low
crosstalk [71–73]. Recently, OAM multiplexing has been explored as a promising candidate to
enhance data channel capacity and spectral efficiency in optical communication links [74–77].
Beyond optical network, OAM modes have been employed in a diversity of applications in both
classical and quantum physics studies including optical manipulation and particle trapping [78–
80], high-resolution imaging [81,82], high-precision optical measurements [83,84], quantum
communication [85–87] and photon entanglement [88–91], to mention a few.
Since the first demonstration of the vortex beams, various techniques have been employed
to generate OAM beams in both free space and fiber systems. In free space, OAM beams can be
typically generated via spiral phase plates [74,92,93], spatial light modulators [71,75,94], qplates [95–97] holograms [73,98], silicon integrated devices [99–101] and free-space mode
sorters [102,103]. Fiber based OAM generation methods commonly rely on such techniques as
multimode interference [104] , stress-induced phase difference [105–107] and spin-obit [108] or
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acoustic-optic interactions [109]. Needless to say that the essential limitation of the OAM mode
generators demonstrated thus far, is the necessity to employ multiple accessory elements to
transform the input beam to an OAM mode. In addition, fiber means of generating OAM beams
suffers from strong mode coupling arising from near-degeneracy of the desired vortex beams with
the parasitic linearly polarized (LP) modes [75,110]. On the other hand, vortex beams guided in
the fibers, extremely depend on the input beam polarization, fiber length, and launching
condition [110–112].
Meanwhile, to multiplex and transmit OAM beams, ring core optical fibers with enhanced
mode splitting have been developed [111,113–116]. Such fibers are capable of stably supporting
multiple OAM modes with reduced inter-mode crosstalk and low propagation losses. Nevertheless,
as it is thoroughly well-known, even a slight mode mismatch between two fiber components,
imposes a crucial restriction to mode coupling efficiency and destroys the purity of the transmitted
vortex modes. Therefore, an intrinsic flaw from these type of schemes is the need to optically
interface between the OAM generator and the transmission fiber. Besides, as efficient mode
separation and stable OAM mode propagation in these fibers essentially involve large index
contrast, high scattering losses are inevitable [110,117].
In this chapter, we report the first demonstration of a specialty broadband all-fiber OAM
mode generator as a compact, reliable and versatile OAM mode (de)multiplexer. The proposed
device is a 5-mode MSPL with an annular refractive index profile to be perfectly compatible with
well stablished delivery ring fibers, hence, to significantly enhance OAM mode coupling during
fiber fusion splicing. Through simultaneous excitation of the pairs of degenerate 𝐿𝐿𝐿𝐿 modes of the
MSPL, we can explicitly generate high quality OAM modes with different topological charge
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numbers -up to the second order- with ultra-low mode conversion and inter-mode crosstalk.
Further, the annular structure of the OAM mode multiplexer which intimately mimics the field
structure of the OAM beams, yields efficient transformation of the generated OAM modes to the
ring delivery fiber. This innovative all-fiber design potentially provides simultaneous
(de)multiplexing of multiple orthogonal OAM modes in a single fiber device with low loss and at
low design complexity, therefore, it is of grand utility in variety of applications in classical and
modern optical studies.

4.2 Experimental realization

A detailed fabrication process of a MSPL mode (de)multiplexer has been described in
chapter 3. Here, we briefly review the main fabrication procedure. A standard MSPL consists of
an array of isolated dissimilar FMFs inserted inside a low refractive index capillary. The whole
structure is then adiabatically tapered such that the FMF cores reduce in size and nearly disappear.
As a result, the FMF cladding becomes the new MMF core with the low-index capillary behaving
as its cladding. Since the propagation constants of each input FMF are distinct, different modal
evolution along the tapered transition is achieved. Hence, the FM of each input fiber can evolve
into one particular mode of the output MMF. If the transition is adiabatic, the modes of the MMF
core evolve into supermodes of the FMF array, and vice versa.
The spatial modes of a MSPL mode (de)multiplexer are composed of two fiber eigenmodes
with different propagation constants [118], i.e., 𝐿𝐿𝐿𝐿𝑙𝑙𝑙𝑙 = 𝐻𝐻𝐻𝐻(𝑙𝑙+1)𝑚𝑚 + 𝐸𝐸𝐸𝐸(𝑙𝑙−1)𝑚𝑚 . Here, 𝑙𝑙 refers to the

mode order in azimuthal direction and 𝑚𝑚(>= 1) refers to the mode order in radial direction.

Regardless of the polarization term, for 𝑙𝑙(>= 1), all 𝐿𝐿𝐿𝐿𝑙𝑙𝑙𝑙 modes are two-fold degenerate as odd
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and even configurations. By combining a pair of degenerate LP𝑙𝑙𝑙𝑙 modes with a phase difference

of ±𝜋𝜋/2, one can obtain two degenerate OAM modes with opposite sign of topological charge
numbers. Figure 14 illustrates the intensity and phase profiles of the 𝑂𝑂𝑂𝑂𝑂𝑂𝑙𝑙 modes (𝑙𝑙 = +1, +2)

achieved from superposition of the pairs of degenerate LP modes of a 6-mode MSPL.

Figure 14. Relationship between the LP modes of a MSPL and OAM modes. Superposition of
the degenerate 𝐿𝐿𝐿𝐿𝑙𝑙1 modes of a 6-mode MSPL to generates OAM modes and their corresponding
helical phase patterns with l=1 (a) and l=2 (b). 𝐿𝐿𝐿𝐿0𝑚𝑚 features phase distribution of 0 with m=1
(c) and m=2 (d).

4.2.1 Design and fabrication of a delivery ring fiber.

As mentioned earlier, the primary aim of using a ring fiber is to remove the degeneracy of
the HE and EH vector modes, hence, to suppress inter-mode cross talk and preserve OAM modes
along propagation [110]. OAM modes in such fibers are composed of fiber eigenmodes with equal
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑜𝑜𝑜𝑜𝑜𝑜
propagation constants (𝑂𝑂𝑂𝑂𝑂𝑂±𝑙𝑙 = 𝐻𝐻𝐻𝐻(𝑙𝑙+1)𝑚𝑚
± 𝑖𝑖 × 𝐻𝐻𝐻𝐻(𝑙𝑙+1)𝑚𝑚
) . We use a finite-element mode solver

(COMSOL) to design a ring-core fiber which can efficiently support OAM modes of the first and

second kinds. Figure 15(a, b), show a microscope image of the cross section of the fabricated fiber
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and the measured refractive index profile, respectively. The core inner diameter, core thickness
and clad diameter are 7 μm, 10 μm and 120 μm, respectively, with the maximum core-clad
refractive index contrast of 0.016. Numerically calculated effective index differences (Δneff) of all
supported vector modes with respect to the LP01 mode, over the full C-band (1530-1565 nm) are
represented in Fig. 15(c). According to the simulations, a maximum separation of the order of
10-5 between the effective indices of 𝑇𝑇𝑇𝑇01 mode and 𝐻𝐻𝐻𝐻21 mode and a value of 10-4 between the
effective indices of the HE31 mode and EH11 are obtained.

Figure 15. (a) Microscope image of the cross section of the fabricated ring fiber with core inner
diameter of 7 𝜇𝜇𝜇𝜇, core thickness of 10 𝜇𝜇𝜇𝜇 and fiber OD of 120 𝜇𝜇𝜇𝜇. (b) Measured refractive
index profile of the ring fiber at 1550 nm. (c) Calculated effective index differences of the
supported vector modes with respect to the LP01 mode at 980-1015 nm and (d) across the C-band
(1530-1565 nm).
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4.2.2 Demonstration of an annular OAM mode (de)multiplexer.

To efficiently transmit the OAM modes from the mode generator into a delivery ring fiber,
one should assure high coupling efficiency between two fiber components. In practice this can be
achieved by appropriately designing the OAM mode multiplexer to perfectly mode match the
delivery fiber, i.e. an annular mode (de)multiplexer. This unique engineered design preserves
OAM mode quality while performing fusion splice between two fiber devices. Besides, it reduces
modal dependent loss and device complexity whilst enhancing operational stability and device
flexibility.
To fabricate an annular OMA mode multiplexer, we follow the same procedure as for the
aforementioned conventional MSPL except for replacing the central core by a core-less Fluorinedoped fiber with 86 µm diameter to create a null intensity profile in the center. This is the key
feature of our ring-shaped OMA mode multiplexer which leads to exceptionally low-loss and

stable transformation of the OAM modes into the delivery ring fibers. Figures 16 (a, b) show the
microscope image and the schematic of the end facet of the fabricated device, respectively. The
core diameter, ring thickness and clad inner/ODs are 3.6 μm, 10.4 μm and 90 μm, respectively. In
addition, Figs. 16 (c, e) display the near field intensity profiles of the excited modes at the output
of the OAM mode (de)multiplexer at 1000 nm and 1550 nm (based on the available laser diodes),
respectively. The obtained high quality LP modes at broad spectral range of at least 550 nm are
illustrative of a potentially effective design and precisely fabricated device.
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Figure 16. Cross section of the OAM (de)multiplexer and near field intensity profiles of the
supported LP modes. Microscope image of the cross section of the OAM mode (de)multiplexer
(a), Schematic representation of the cross section of the fabricated device (b). Measured (c), and
simulated (d) near field mode profiles of the OAM mode (de)multiplexer at 1000 nm. Measured
(e), and simulated (f) near field mode profiles of the OAM mode (de)multiplexer at 1550
nm [119].

In order to further examine the performance of the fabricated OAM mode (de)multiplexer,
the output mode profiles were calculated using COMSOL, as shown in Figs. 16 (d, f). As it is
clear, there is an excellent agreement between the experimental results and numerical simulations.

4.2.3 Generation and detection of the OAM beams.

The schematic representation of the experimental setup used for generation and detection
of the OAM modes based on the proposed all-fiber OAM mode (de)multiplexer is shown in Fig.
37

17. A standard SMF at the output of a 1550 nm (or 1000 nm) laser diode is directly spliced onto a
50:50 optical coupler. One port of the 50:50 coupler is used to deliver a reference Gaussian beam
to the interferometer to later verify the generation of the OAM beams. The other port of the coupler
is spliced to a second 50:50 coupler whose output ports are then spliced to the 𝐿𝐿𝐿𝐿11 𝑎𝑎,𝑏𝑏 (or 𝐿𝐿𝐿𝐿21 𝑎𝑎,𝑏𝑏 )

ports of the OAM mode (de)multiplexer. A 20x microscope objective and a CCD camera are used
to capture the output beam.

Figure 17. Schematic representation of the experimental setup for generation and detection of
OAM modes. LD, laser diode; SMF, single-mode fiber; OC, optical coupler; PC, polarization
controller; OAM mode-Mux, OAM mode (De)multiplexer; M, mirror; BS, beam splitter [119].

By simultaneously exciting the two ports of the degenerate 𝐿𝐿𝐿𝐿11 𝑎𝑎,𝑏𝑏 (or 𝐿𝐿𝐿𝐿21 𝑎𝑎,𝑏𝑏 ) modes,

we obtain a donut shaped mode profile at the output facet of the OAM mode (de)multiplexer. It

should be clearly emphasized that the required phase difference of ±𝜋𝜋/2 to generate OAM beams

was feasibly provided by using a polarization controller in one arm of the degenerate LP modes,
as shown in Fig.17.
Figure 18 illustrates the near field intensity profiles of the generated 𝑂𝑂𝑂𝑂𝑂𝑂𝑙𝑙 modes (with

𝑙𝑙 = ±1, ±2 ) at the output of the fabricated device at 1000 nm (Fig. 18 (a, b)) and 1550 nm (Fig.
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18 (c, d)), respectively. In order to reveal the phase singularity of the OAM modes and identify the
mode orders, we recorded the interference pattern of the output beam of the OAM mode
(de)multiplexer with a reference uniformly polarized Gaussian beam. High-quality ring shape
intensity profiles and clean spiral interferograms displayed in Fig. 18, thoroughly confirm effective
conversion of the LP modes to high purity OAM states. Here, it should be noted that the OAM
mode purity can be estimated as the mode purity of the MSPL which measured to be ~18 dB for
all the modes.

Figure 18. Intensity profiles and phase patterns of the generated OAM modes at the output of the
fabricated OAM mode multiplexer at 1000 nm (a, b) and 1550 nm (c, d). Intensity profiles and
phase patterns of the generated OAM beams after 1 m propagation in a ring fiber at 1000 nm (e,
f) and 1550 nm (g, h).
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To verify the low loss and stable transmission of the generated OAM modes, we spliced
the end facet of the OAM mode (de)multiplexer into a 1 m long ring fiber represented in Fig.15
(b). As mentioned earlier, the core diameter and the ring thickness of the annular fiber were
designed to mode-match the final core size of the OAM mode (de)multiplexer to enhance the mode
coupling efficiency. Figure 18 (e-h) depicts the near field intensity distribution of the OAM modes
at the output of 1 m long ring fiber and their interference patterns with the reference Gaussian
beam at 1000 nm (Fig. 18 (e ,f)) and 1550 nm (Fig. 18 (g ,h)), respectively.
The successfully achieved high quality OAM modes at the output of the ring fiber
accompanied by high purity spiral phase patterns, prominently indicate the effective generation
and stable transmission of the OAM modes into the delivery fiber. Consequently, Fig. 18 confirms
the broadband operational range of the fabricated device along at least 550 nm spectral bandwidth
(1000-1550 nm). To the best of our knowledge, this is the broadest performance range of an OAM
mode (de)multiplexer ever reported.

4.3 Summary

In this chapter we presented a new class of all fiber OAM mode (de)multiplexer in order
to develop a robust and reliable approach to generate and preserve OAM modes. The proposed
device is a 5-mode MSPL with an annular refractive index profile. By simultaneously exciting the
pairs of degenerate LP modes of the MSPL, we generated OAM modes up to the second order
with different topological charge numbers. The resulting high quality spiral phase patterns
40

achieved from interference of the OAM beams with a reference Gaussian beam, verified
generation of high purity OAM modes. Moreover, to indicate the stable and low-loss transmission
of the generated OAM modes to a delivery fiber, we fusion spliced the end facet of the OAM mode
(de)multiplexer into a 1 m long ring fiber with equal structural parameters, and imaged the acquired
interference pattern using a CCD camera. Owing to the intelligently engineered design of the OAM
mode multiplexer which efficiently mimics the field structure of the OAM modes, achieving high
quality OAM modes at the output of the ring fiber was entirely conceivable. The proposed all fiber
OAM mode (de)multiplexer remarkably facilitates generation, multiplexing and transmission of
OAM modes in a broad spectral range of at least 550 nm. Based on its intriguing features, the
proposed all-fiber OAM mode multiplexer can be potentially used in widespread applications in
highly advanced classical and quantum physics studies.
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